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INTRODUCTION 

X-ray d i f f r a c t i o n  has been proven t o  be the  most d i r e c t  and non-destructive ana- 
The x-ray sca t te r ing  pat tern l y t i c a l  method f o r  t h e  s t r u c t u r a l  s tudy of s o l i d  samples. 

of coa l  at  the  medim and l o w  angle regions reveals  t u o  unresolved peaks (i,2). 
di f fuse  peak s h i f t s  more t o  t h e  pos i t ion  of t h e  most prominent graphite-peak (002) as  
t h e  carbon content of coal  increases .  
i t i c  r ing c lus te rs ,  which become more graphi te- l ike as c o a l i f i c a t i o n  proceeds. S u i t -  
able  interpreted,  t h e  area and shape of t h e  bands will provide ins ight  i n t o  c e r t a i n  
in te res t tng  s t r u c t u r a l  features .  
anl carbon black, it demonstrated that  aromatici ty  can be determined semiquantitatively 
by resolving t h e  two peaks i n  t h e  x-ray s c a t t e r i n g  p a t t e r  (3). 
s u l t s  have led  t o  t h e  charac te r iza t ion  of t h e  s t r u c t u r a l  parameter-- aromatici ty  i n  
coa l ,  oil shale  and t h e i r  der ivat ives ,  

The 

This suggests t h a t  coa l  contains  small graph- 

By'using a blend of low c r y s t a l l i n i t y  polyethylene 

The experimental re- 

EXPERIMENTAL 

A. Instrumentation 

t a r g e t  vas used. 
speed of 4°/min covering t h e  range of 28from 5 O  t o  90' was selected.  
ground t o  a 200 mesh s i z e  a d  pressed on a aluminum sample holder. 
was cal ibrated t o  read an exact count per  second f r a n  the  proportional counter. 

The General Electric Xm-6 X-ray Diffractometer u n i t  with copper as  t h e  x-ray 
The x-ray energy was s e t  a t  35 KV and 18 ma f o r  each run. A scanning 

A l l  samples were 
The char t  recorder 

To achieve monochromatic rad ia t ion  from t h e  copper source, a balance f i l t e r  
comprised of nickel  ( N i )  and cobal t  (Co) a t  a thickness of 0.0068 m and 0.0075 mm 
respect ively,  was used. The standard method employed running the  experiment first 
using t h e  N i  f i l ter  and then  repeating t h e  experiment using a Co f i l t e r  so t h a t  a pass 
b a d  could be made on the difference of da ta  obtained from each of t h e  runs. 
exclusion of wavelengths outs ide t h e  pass band can be considered p r a c t i c a l l y  complete. 

B. Procedure 
The data  from t h e  recorder must be corrected f o r  polar izat ion e f f e c t s ,  nonnal- 

ized t o  e lectron u n i t s ,  corrected for  incoherent s c a t t e r i n g ,  and examined f o r  t h e  e f -  
f e c t s  of background rad ia t ion  (4,5) .  I n  summary, a usable procedure f o r  handling the 
da ta  is the  fo l lowiwr  
1. Obtain data  values from the  differences between N i  and Co f i l t e r  ex r b e n t .  
2. Adjust data  f o r  po lar iza t ion  by dividing each i n t e n s i t y  by (1 + cosT28)/2. 
3. 

The 

Adjust t h e  da ta  t o  e lec t ron  uni t s  by nomalizing t h e  amplitudes in t h e  region 
0.40<sin@/X0.50 is equal t o  t h e  sum of t h e  coherent and incoherent sca t te r ing  
expected i n  that range. 
Subtract tabulated values of incoherent sca t te r ings  C. 
Divide each value by t h e  proper value of t h e  indeperdent coherent sca t te r ing  E 
@inure 1). 

4. 
5. 

The da ta  calculat ions above were performed by an IlN ?60/44, at:' t h e  r e s u l t s  then 
plot ted 'in analog form. 

C. Method 

l j n e  carbon compounds is based l a r g e l y  on t h e  f a c t  t h a t  one can put together  some 
eraphi te  ard some paraf f ln  or polyethylene and ge t  an x-ray pa t te rn  t h a t  re la tes  t o  

The in te rpre ta t ion  of t h e  x-ray d i f f r a c t i o n  r e s u l t s  obtained from non-crystal- 
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t h e i r  composition (6).  
were involved: e.g. carbon atoms were regarded as  e i t h e r  belonging t o  aromatic ring 
c l u s t e r s  or randomly d i s t r i b u t e d :  and r ing  clusters w e r e  presumed t o  be perfect i n  
t h e i r  in te rna l  s t ruc ture .  
t h e  range of s i n e / X < 0 . 2 ,  namely, t h e  (002) peak and t h e  gamma peak. This region of 
t h e  x-ray spectrum has not been s u f f i c i e n t l y  invest igated on a theore t ica l  bas i s ,  and 
hence, t h e  in te rpre ta t ion  involves t h e  superimposition of d i f f r a c t i o n  spectra  from 
substances only supposedly understood. 

I n  t h e  d e v e l o p e d  of quant i ta t ive  methods, some assumptions 

There a r e  a l s o  some problems i n  def ining t h e  twc peaks i n  

1. The (002) peak 

r ings.  
(Figure 2)  which corresponds t o  s i n  e / k  ~0.15. 
e n t  in te rp lanar  spacings as shown i n  Figure 3. 
i n  some compounds a r e  s h i f t s  toward l a r g e r  spacings and are  a t t r ibu ted  t o  ac tua l  
chanrres i n  interatomic spacing or t o  t h e  buckling of planes due t o  subs t i tu t ions  of 

The (002) b a d  is a t t r i b u t e d  t o  t h e  in te rp lanar  spacing of condensed aromatic 
I n  natural  g raphi te ,  t h e  spacing corresponding t o  t h e  (002) band is 3.35 1, 

Different  compourds will have d i f f e r -  
The s h i f t s  observed i n  the  (002) band 

heteroatoms, 

Blayden e t  a l .  (7) s tudied carbonization products of various coals  and t h e i r  
banded const i tuents  as  w e l l  a s  pure organic compounds. 
m e t r y  of t h e  (002) peak was due t o  t h e  gamma peak even i f  t h e  gamma peak was absent 
a t  i t s  position. 
a gamma band. 

They conteded  t h a t  the asym- 

Therefore, t h e  peak was resolved i n t o  a symmetrlcal (002) band and 

2. The gamma b a d  
The bard centered around t h e  spacing of 4.0-5.51 i s  observed i n  hot paraf f in  

(Figure 4). 
a l i c y c l i c  rings. 
sa tura ted  rings and sa tura ted  chains based on t h e  shape of t h e  gamma bad. 
gama  band has been f o u l d  t o  be symmetric (3). This becomes a very important point 
when one t r i e s  t o  separate  t h e  gamma band from t h e  (002) aromatic bard on the  basis  
of arguments t h a t  defend t h i s  symmetry. 

It is a t t r i b u t e d  t o  t h e  spacing between disordered a l i p h a t i c  chains or 
There seems t o  be no published c r i t e r i o n  for dist inquishing between 

The 

Aromaticity, f,, i s  t h e  f r a c t i o n  of t h e  t o t a l  carbon atoms i n  t h e  sample 
present  i n  aromatic rings (Figure 5). 
+I...* l..py *L- -.,- ---- uILL.=,'I - > -  

s t ruc ture ,  
mat ic i ty  is from t h e  experiment (6) ,  i n  which a mixture of half  polyethylene and half 
carbon black was t o  have an aromatici ty  of 0.5otO.02 (6). 

Impl ic i t  i n  t h e  equation i s  the assum!A.ion 

The most convincing evidence f o r  t h e  usefulness of t h i s  computed aro- 
tht: p a k s  is propolzionai t o  t h e  concentrat ion of each type of 

DATA ANALYSIS 

The four coa l  samples i n  our s tudy show a reasonable cor re la t ion  with the 
c o a l i f i c a t i o n  process (Sample source and t h e i r  f a  values a re  shown i n  Table I). As 
carbon number increases  with coa l  ranking, t h e  fa  number a l s o  increases (Figures 6a 
and 6b). 
cor re la t ion .  The two domestic o i l  -rich shales--the Green River O i l  Shale (Eocene 
Shale, 60 mil l ion years ago) and Appalachian Black Shale (Ordovician Shale ,  400 m i l -  
l i o n  years ago) show an increase i n  f a  number due t o  i t s  degree of maturation ac- 
quired through geological aging. 
i r o n  fluorescence from p y r i t e ,  both samples must go t h r u  a special  treatment process 
i n  order t o  achieve a b e t t e r  form. 
f o r  Green River O i l  Shale t o  remove t h e  inorganic matrix, and LiAlHL, was used t o  re- 
move t h e  pyr i te  from t h e  Appalachian Shale. 
i s  t h e  Torbonite from Austral ia  which i s  a marine deposi t ,  I t s  formation age i s  ap- 
Proximately 250 mill ion years  (Permian). 
t r i n e  and coas ta l  o i l  sha le  due t o  the d i f i t r r n t  deposi t ion environment whlch may be 
evolved. 
FMC-CCED and Synthoil. 
l i q u l d  (8). 
g lass  column, a d  eluted with e thyl  e t h e r  an3 benzene respect ively.  
o r  aromatic compounds a r e  re ta ined by t h e  column be t te r .  

Kore samples will have t o  be acquired i n  order  t o  make a more complete 

Because of high inorganic in te r fe rence ,  f o r  example 

Acid treatment (50:50 mixture HC1:HF) was used 

Another o i l  sha le  under invest igat ion 

It i s  d i f f i c u l t  t o  compare between lacus- 

The next s e t  of da ta  were obtained from t h e  two coa l  l iqu jds  process f ron 

To f u r t h e r  f r a c t i o n a t e  the  product, asphaltene was loaded on a S102 
For a w l y t i c a l  reasons, asphaltane was separated frmn t h e  coal 

Polar mo:eculcs 
The r e s u l t s  of x-ray d i f -  

68 



TASIX I. - Aromaticity of Coals, Shales ,  and Their  Derivat ives  

Sample Source fa  
Coal 

Anthracite Pennsylvanian 0.86 
LOW Volat i le  Bitumenous West Virginian 0.83 

Wise Co., Va. 0.64 
Lignite Yontana 0.60 

Righ Vola t i le  Bitumenous Dorchester 

O i l  Shale 
Torbanite 

Green River 

-Appalachian Black Shale  

Coolaway Mtn., 

Colorado, 

Plymouth, Ohio 

New So. Wales 

HF-HC1 t r e a t e d  

LiAl% t r e a t e d  

0.12 

0.15 

0.50 

Coal Liquid Asphaltene 
Synthoil (crude)* U. S , B. M. 0.49 

Benzene fract ion** 0.b3 
Ethyl e t h e r  f ract ion** 0.36 

Benzene fract ion** 0.43 
Ethyl e t h e r  f ract ion** 0.41 

C@ED (crude)" FXC 0.45 

Shale O i l  Asphaltenc 
Synfusl**" 
Residual O j l * * * *  

Parah06 
Parahoe 

0.46 
0.49 

*The crude ashal tene i s  obtained by n-pentane prec ip i ta t ion ,  t h e  residue dissolved i n  

**Evaluated from Si02 column 
***Same as (*), o i l  sample or iginated from DEI. 
****Have been through delayed coking process. 

benzene, f i l t e r e d ,  and freeze-dr ied.  

f r a c t i o n  analysis  shows lower f a  number f o r  t h e  solvent  e luted f r a c t i o n .  
t h e  shale  o i l  asphaltene a r e  l i s t e d ,  
process) have much higher aromatici ty  values  (fa-0.5) when compared t o  t h e  o r i g i n a l  
Green River O i l  Shale having an fa-O.l. 
a t e s  from the  re tor t ing  operation. 

F i n a l l y ,  
Notice t h a t  both crude and r e s i d u a l  ( a f t e r  coking 

The addi t iona l  aromatici ty  n a t u r a l l y  or igin-  

DISCUSSION 

Probably t h e  most d i f f i c u l t  separat ion i s  t h e  resolut ion of t h e  (002) and 
t h e  qamma band. 
e t e  t h e  unresolved s lopes of t h e  (002) bard, and t h e  remaining i n t e n s i t y  i s  a t t r ibu ted  
t o  t h e  p m a  b a d .  Powever, i n  addi t ion t o  t h e  use of t h e  high angle  s i d e  as  a guide, 
it i s  a l so  necessary t o  determine a peak f o r  t h e  (002) b a d .  
p l e t e l y  a t  random, or through f ix ing  a loca t ion  f o r  t h e  peak. 
been fixed as  s i n o h =  
combination of (002) and gamma peaks a t  a d i f f e r e n t  point. 
determined randomly, t h e  e r ro r  would be approximately 2@. 
t h a t  aromatici t ies  determined by x-ray may be r e l a t i v e  and w i l l  vary accoxiing t o  the 
part,icular loca t ion  chosen. 
from arb i t ra ry  i n t o  e lec t ron  uni ts .  
would give r i s e  t o  an enhancement of t h e  low angle s i d e  of t h e  (002) band a t  t h e  
expense of t h e  high angle s ide.  
constant. 

The high angle  s i d e  of  t h e  broad peak i s  used as  a guide t o  del ine-  

This can be done com- 
The (002) peak has 

If aromat ic i t ies  were 
This points  out  t h e  f a c t  

O.lL0 provided t h a t  there  i s  no d e f i n i t e  and c l e a r  break j n  the  

Furl her  e r r o r s  may be involved wheii comrerting s c a t t e r i q  
lncreases  i n  t h e  spacing f o r  t h e  small s tacks  

Thus, t h e  i n t e r l a y e r  spacing cannot be regarded as 
The discrepancy of d e t e m i n a t i o n  of aromatici ty  nay be a t t r i b u t e d  t o  a sim- 
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p l i f y i w  assumption involved i n  t h e  above method that  carbon atoms i n  coals o r  coa l  
der iva t ives  a r e  e i t h e r  i n  t h e  aromatic ring Clusters  or otherwise d is t r ibu ted  ran- 
domly. 
lead  t o  the  p r d u c t i o n  of a d i f f u s e  x-ray in te r fe rence  p a t t e r n  which may a f f e c t  the 
C U N ~ S .  
r e m o v e  the  l a s t  t r a c e s  of i r o n  ( i n  pyrite or Organic f o m )  from coal  o r  o i l  shale 
samples. 
of t h e  t o t a l  x-ray s c a t t e r i n g .  
which has a high i r o n  conten t ,  t h e  spectrum is  masked completel). 
reason f o r  the treatment of Appalachian Shale samples with UAl$ as a method f o r  
t h e  removal of pyri te .  

It appears t h a t  arrangements of organometallics and non-hydrocarbons vi11 

This is a very important considerat ion since it is extremely d i f f i c u l t  t o  

The f luorescent  r a d i a t i o n  that is produced foms a coluliderable proportion 
I n  some cases, l i k e  t h e  Black Appalachian Shale 

T h i s  is the  

A b e t t e r  understanding of t h e  s t r u c t u r e  of coal  and o i l  sha le  and t h e  devel- 
oplent of more v a l i d  q u a n t i t a t i v e  methods of i n t e r p r e t a t i o n  of x-ray sca t te r ing  pat- 
t e rns  A W  more or less interdependent. 
mater ia ls  by other  physical  a d  chemical methods ( I R ,  W ,  H'NMR, C'YNMFt, E S R ,  chem- 
i c a l  oxidation, e tc . )  w l l l  also provide addi t ional  infonnation which would improve 
t h e  techniques and i n t e r p r e t a t i o n  of amorphous scat ter ing.  

Invest igat ion of t h e  s t r u c t  re of these 
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GRAPHITE 

-- Hexaaonal Unit cpi! 

a =2.46 a 
' b  =6.70 a 

dOo2= b/2 

a / J S  =r 

FIG. 2 
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INTERLAY ER DISTANCES 

Graphite Ovalene Pyrene 

Polynuclear Hydrocarbons I . I I 
94.1% 87.3% 80.1% 

Coals I I  I 
Pitch 

Pitches 

B' 
Cokes 

Carbon Blacks 

Petroleum Asphaltenes 

I I  
Coke 

I I  
Vulcan SC Spheron 3 

I I  
Asphaltene 

I I  
1 I I I I I I I 
3.0 3. I 3.2 3.3 3.4 3.5 3.6 3 -7 

dM(& 
FIG. 3 
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PAR A F F I N 

Othorhombic Unit Cel l  

a = 7.4QA 

b = 4.93a 

dZo0 = a /2 //I -> r" d020= b/2 

=4.l& 

FIG. 4 
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AROMATICITY, f, 

Ci = No. of j t h  Type Carbon 
Atoms per Structural Unit 

i = A, Aromatic 
i = S, Saturated 

Ai  = Integrated Intensities 
Under the j t h  Type Bands 

i = 002, Bands at 28 =26" 
i = y ,  Bands at 28 = 18" 

F I G .  5 
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